Abstract | Fusobacterium nucleatum has long been found to cause opportunistic infections and has recently been implicated in colorectal cancer ; however, it is a common member of the oral microbiota and can have a symbiotic relationship with its hosts. To address this dissonance, we explore the diversity and niches of fusobacteria and reconsider historic fusobacterial taxonomy in the context of current technology. We also undertake a critical reappraisal of fusobacteria with a focus on F. nucleatum as a mutualist, infectious agent and oncogenic microorganism. In this Review , we delve into recent insights and future directions for fusobacterial research, including the current genetic toolkit, our evolving understanding of its mechanistic role in promoting colorectal cancer and the challenges of developing diagnostics and therapeutics for F. nucleatum.
Omics technologies are providing new perspectives on what constitutes a pathogen, as well as the host and microbial features that contribute to pathogenesis, including for disease processes that are not classically regarded as infectious. Interest in microbiome science has led to the microbial sequence-based profiling of an unprecedented number of sample types and tissues and the identification of microbial signals in sites that previously were not considered to harbour microbial communities, although the reliability and relevance of these signals are not always clear. One bacterium that has garnered such attention recently in colorectal cancer microbiome studies is Fusobacterium nucleatum.
Fusobacteria are Gram-negative anaerobic bacilli with species-specific reservoirs in the human mouth, gastrointestinal tract and elsewhere. An association between the presence of F. nucleatum and human colorectal cancer has emerged across both patient populations and disease stages. F. nucleatum has long been considered as an opportunistic pathogen given its frequent isolation and identification in anaerobic samples from patients with different infections. Although well known to the oral and medical microbiologist, the role of F. nucleatum as a cancer-causing member of the microbiota is still emerging and is revealing the multifaceted ways in which a bacterium can contribute to the development, growth, spread of and treatment response to cancer. Herein, we undertake a critical reappraisal of fusobacteria with a focus on F. nucleatum as a mutualist, infectious agent and oncobacterium.
Fusobacterial diversity and niches
Despite the diversity of bacterial life, much of microbiological research has focused for a long time on certain lineages, such as Proteobacteria, on the basis of their importance to human health and agriculture, novelty in metabolic capability and, to an extent, ease of study (for example, because of culturability and genetic tractability). Increasingly, omics data are demonstrating that our current focus within the microbial world is limited given the diversity of unexamined microorganisms 1,2 and the potential roles of less-studied microorganisms in human disease and the environment. Fusobacteria, a distinct phylum of bacteria, are a prime example of previously understudied taxa. This phylum includes species commonly found in the human oral cavity (Fusobacterium spp.), human intestinal and urogenital tracts (Leptotrichia spp. and Sneathia spp., respectively), the intestinal tracts of fishes and whales (Cetobacterium spp.) and free-living in the marine environment (Ilyobacter spp.). Currently, the Fusobacteria are divided into two families: the Leptotrichiaceae, which include the Leptotrichia, Sneathia, Sebaldella and Streptobacillus genera, and the Fusobacteriaceae, including the marine and aquatic genera Psychrilyobacter, Ilyobacter, Propionigenium and Cetobacterium and the animal-associated Fusobacterium genus we highlight in this Review (Box 1). These understudied bacteria are Gram-negative, non-spore-forming, usually non-motile anaerobes that assume a tapered rod shape, and they can harbour unique metabolic capabilities, such as Psychrilyobacter atlanticus, which has been shown to break down nitramine explosives 3 . Fusobacterium species are found in the mouth and other mucosal sites of humans and other animals, including mice (Fusobacterium mortiferum), macaques (Fusobacterium simiae), horses (Fusobacterium equinum) and even crocodile lizards (Fusobacterium spp.). Their presence in these healthy tissues suggests that they are natural constituents of the microbiota at these sites.
However, as they have been frequently isolated from these same and other tissues in clinical samples during active disease, they are regarded as opportunistic pathogens. Of those species that colonize humans, F. nucleatum is the most abundant in the oral cavity and has come to the forefront of scientific interest in the past decade because of an increasing number of associations with extraoral diseases.
F. nucleatum as a mutualist F. nucleatum has evolved in close association not just with the mammalian cells and tissues found in the oral cavity but also with the oral microbiota. F. nucleatum plays integral and beneficial roles in biofilms that contribute to both periodontal health and disease. In a dental plaque biofilm, F. nucleatum serves a structurally supportive role as a bridge organism, connecting primary colonizers
Box 1 | Rethinking history and taxonomy of fusobacteria in the sequencing era
Beginning in the 1880s and 1890s, scientists noted fusiform rods in various zoonotic and human samples, including both healthy and diseased oral cavities. In the pre-sequencing era, Fusobacterium spp. were defined by their shape and their fermentation of amino acids and glucose to butyrate. on the basis of these criteria, one historic so-called Fusobacterium species frequently isolated from human faecal samples is now known as Faecalibacterium prausnitzii. By DNA analyses, F. prausnitzii is genetically more closely related to the Clostridiaceae 93 . Since this realization, Fusobacterium spp. have not been considered to be quantitatively substantial members of the human faecal microbiota. Such misclassifications have also occurred for the oral bacteria now known as Eubacterium sulci and Filifactor alocis 94 . Although not unique to fusobacteria, such misnomers highlight the heterogeneity of Fusobacterium spp. that lack conventional, characteristic phenotypes and can complicate delving into the historical literature record.
Genomic analyses have led to greater clarification not just between Fusobacteria and other phyla but also have improved the understanding of differences within Fusobacterium spp. 9, 78, 95 (see the figure; adapted with permission from ref.
96
, elsevier). Phenotypically, the features that differentiate Fusobacterium nucleatum from other Fusobacterium spp. are largely metabolic and related to fermentation and secreted organic acid profiles, indole and hydrogen sulfide production and bile sensitivity, although these metrics have proved similarly ineffective in differentiating among Fusobacterium spp. as they have in distinguishing fusobacterial species from other phyla. Comparative genomics research suggests an adaptive radiation among these species resulting in three lineages 9, 96 . In this model, F. nucleatum evolved as a lineage with Fusobacterium periodonticum, and these species share not just a niche but also similar functions that are associated with invasion of host cells. F. nucleatum itself can be further delineated into four subspecies 97 -nucleatum, animalis, vincentii (inclusive of fusiforme) and polymorphum -although it has been argued that these subspecies are sufficiently divergent at a DNA level as to be considered separate species 9, 98 . Traditional consideration of these subspecies as largely either commensal (polymorphum and vincentii) or disease-associated (nucleatum and animalis) merits re-evaluation as fusobacterial isolates from colorectal tumours encompass all of these subspecies 45 (Supplementary Table 1) . . Thus, the long rod shape of F. nucleatum is pivotal in facilitating structural relationships that are key for polymicrobial biofilms and interactions between microorganisms.
F. nucleatum also mediates important biofilmorganizing behaviour and interactions with host cells through the expression of numerous adhesins ( fig. 1 ). The best characterized fusobacterial adhesin is RadD, which can bind the Streptococcus mutans adhesin SpaP to mediate the co-aggregation of these two bacteria and advanced biofilm organization 6, 7 . The role of RadD in fusobacterial adhesion is multifaceted -it mediates binding not only to bacteria but also to the yeast Candida albicans, which is also part of the oral microbiota 8 . Invasive Fusobacterium spp., including F. nucleatum, encode several membrane occupation and recognition nexus (MORN) repeat-containing proteins. Although an average of 30 copies of these domains can be found per F. nucleatum genome, their functional roles remain unclear 9, 10 . How this expanded class of proteins may influence the interactions of fusobacteria with other microorganisms and host cells is of great interest; however, their redundancy may also complicate dissection of their individual roles.
Microbial cells within biofilms engage not only in physical interactions but also in cross-feeding and metabolic interactions. Dissecting this chemical crosstalk in the complex communities of an in vivo biofilm is difficult, and simplified in vitro co-culture experiments are providing clarity on how microorganisms communicate with each other. Whereas such metabolic mutualism has Combinatorial labelling and spectral imagingfluorescence in situ hybridization (CLASi-fiSH). This technique enables detection of ten to several hundred distinct microbial taxa by using combinations of fluorophores coupled to different oligonucleotide probes that target unique regions of the 16S ribosomal rNA (rrNA) gene.
been well described for other oral microorganisms, such as P. gingivalis and Treponema denticola 11 , research on F. nucleatum and its partners is more limited. The most mechanistically developed example of cross-feeding is the ArcD-dependent excretion of ornithine by Streptococcus gordonii, which is then used by F. nucleatum, at least in culture 12 . Broader metaproteomic analyses have also suggested that metabolic pathways in F. nucleatum, including amino acid fermentation and glycolysis, may be influenced by other microorganisms in a species-specific manner 13 . Parsing the metabolic languages used among the microorganisms in the mutualistic oral biofilms remains an exciting area of inquiry. Recent work using the multiplex visualization method combinatorial labelling and spectral imaging-fluorescence in situ hybridization (CLASI-FISH) has suggested that the biogeography of plaque biofilms, and the role of F. nucleatum therein, may be more complex than previously thought, both in structure and in variations across plaque location 14 . Despite half a century of study on F. nucleatum and oral biofilms, current technologies are raising questions about whether we even know which microorganisms are in direct dialogue with F. nucleatum in its mutualistic niche.
F. nucleatum as an infectious agent
Whereas F. nucleatum has a mutualistic relationship with the other members of the oral microbiota, its interactions with human tissues -whether oral or extraoral -span from neutral to pathogenic in nature. Although the oral biofilms it helps coordinate are found on tooth surfaces in healthy individuals, F. nucleatum is also important in periodontitis as it directly shapes host responses and increases the infectivity of other pathogens. Specifically, F. nucleatum can induce expression of the antimicrobial peptide β-defensin 2 and pro-inflammatory cytokines, including IL-6 and IL-8, in the oral epithelium [15] [16] [17] . Such F. nucleatum-driven inflammation contributes to disease progression in a model of oral tumorigenesis 18 . In these . Two other fusobacterial adhesins, Aid1 and CmpA , have also been implicated in this interaction 121, 122 . Once adhered to the developing biofilm, F. nucleatum aggregates with the secondary colonizers such as P. gingivalis using the fusobacterial adhesins RadD, Fap2 and FomA 68, [123] [124] [125] . RadD mediates additional interactions between F. nucleatum and Actinomyces naeslundii 7 and between F. nucleatum and the fungus Candida albicans 8 . Left panel reproduced with permission from ref.
14 , PNAS.
www.nature.com/nrmicro pathogenic settings, F. nucleatum influences the function of immune cells, such as myeloid cells, in which it activates NF-κB, resulting in TNF production 19 . As periodontitis is a polymicrobial disease, unravelling how F. nucleatum interacts with other oral microorganisms to drive disease is of utmost importance. Co-infection of macrophages by both F. nucleatum and P. gingivalis blunts inflammasome activation compared with infection with F. nucleatum alone 20 . Beyond modulating these host responses, F. nucleatum also increases the invasive potential of P. gingivalis 21, 22 , suggesting that these bacteria act cooperatively to evade destruction by the immune system and to develop an inflammatory-permissive environment during periodontitis.
The contribution of F. nucleatum to extraoral diseases remains rather mechanistically speculative. Although F. nucleatum has been isolated from clinical specimens in a variety of diseases, including appendicitis 23 , brain abscesses 24 , osteomyelitis 25 , pericarditis 26 and adverse pregnancy outcomes such as chorioamnionitis
the role of F. nucleatum in these pathologies remains unclear. Some have suggested that F. nucleatum is a passenger in these disease states rather than a disease driver 28 . However, F. nucleatum can promote inflammatory responses, as discussed in periodontitis, and can bind and/or invade diverse cell types, including oral, colonic and placental epithelial cells [29] [30] [31] , T cells 32 , keratinocytes 33 and macrophages 34 , among others. Taken together, these observations suggest that F. nucleatum may have a causative role in several infections, but they do not provide evidence to confirm Koch's postulates.
Adverse pregnancy outcomes, such as placental infections and pre-term birth, are the extraoral diseases with the most data supporting a role for F. nucleatum as a driver or causative agent of disease. F. nucleatum is the most common organism isolated from amniotic fluid in pre-term births and can invade the relevant cell typehuman umbilical endothelial cells 35 . Furthermore, preclinical studies that used mouse models have demonstrated that F. nucleatum can localize to the placenta and induce stillbirths in mice when given intravenously 35 . A specific F. nucleatum adhesin, FadA, has been implicated in these functions 30, 36, 37 . Given these observations, F. nucleatum appears to be a bona fide placental pathogen; however, Fusobacterium spp. may also be part of the healthy placental microbiota 38 . The detection of Fusobacterium spp. in healthy tissues raises the question of whether the frequency with which F. nucleatum is isolated from diseased placentae and amniotic fluid is due, in part, to sampling bias, as pathological tissues are more frequently examined than healthy placentae. Therefore, as in the oral cavity, F. nucleatum may prove to be pathogenic in the placenta only under certain conditions or by specific strains.
F. nucleatum and cancer
Omics and epidemiological associations. The concept of a microbial role in cancer is not novel -bacteria, parasites and viruses are all associated with . Unlike the related Fusobacterium necrophorum, for which a causative role in Lemierre syndrome is well established 127 , whether F. nucleatum functionally contributes to each of these various diseases remains to be determined. We have scored the evidence linking F. nucleatum to the listed infections using a subjective assessment of both the breadth and depth of the existing literature with regard to isolation, association and experimental data in preclinical models. Beyond the oral cavity , there is the most mechanistic support for a role of F. nucleatum in adverse pregnancy outcomes and colorectal cancer. Further, the route of infection, oral or haematogenous, by which F. nucleatum may disseminate to these disparate sites remains to be clarified. Chorioamnionitis infectious or non-infectious inflammation of the chorion and amnion (the fetal membranes) and the amniotic fluid, which can occur before or during labour.
Lemierre syndrome infectious thrombophlebitis of the internal jugular vein, which is often caused by F. necrophorum. it can occur in the setting of a fusobacterial throat infection with peritonsillar abscess formation, but in the modern antibiotic era it remains fairly rare. The syndrome is named after Andrew Lemierre, who published a case report in the 1930s that identified throat infections as the cause of several anaerobic sepsis cases.
potentiating cancer. Human papillomavirus drives mutational changes that lead to cervical cancer and the cag pathogenicity island of Helicobacter pylori shapes a tumour-permissive microenvironment in the gastric mucosa 39 . Further, microbial 'harbingers' of cancer have historically been used to trigger diagnostic evaluations, such as the presence of Streptococcus gallolyticus bacteraemias for colorectal cancer. The omics explosion has expanded these insights by providing information about the microbial signatures of different cancerous and pre-cancerous tissues. In efforts to define the genomic and transcriptomic profiles of colorectal cancer tissues, investigators have found themselves with an unanticipated bounty of microbial information. Using different computational approaches, two studies in 2012 were the first to observe fusobacterial DNA 40 or RNA 41 among the vastly more abundant human nucleic acids. Further, the fusobacterial signal was specifically enriched in the tumour tissues relative to adjacent normal tissues, and deeper analysis revealed these sequences to be F. nucleatum. These observations were surprising, although F. nucleatum has been isolated from gastrointestinal infections including appendicitis 23 and has also recently been associated with inflammatory bowel disease 29, 42, 43 , suggesting a role in gastrointestinal pathologies.
That F. nucleatum nucleic acids are present in colorectal cancer tissues has since been confirmed in several different studies using varied molecular approaches (16S ribosomal RNA (rRNA) gene amplicon sequencing, DNA sequencing (DNA-seq), RNA sequencing (RNA-seq) and directed quantitative PCR (qPCR)) and with fluorescent in situ hybridization. Such imaging-based data of bowel tumours suggest that F. nucleatum is in intimate association with the colorectal crypts 44 and is perhaps even intracellular 40 . Further, and very importantly, that viable F. nucleatum is present in these tissues has been verified by isolating F. nucleatum strains directly from biopsy samples 41, 45 and from patient-derived xenografts passaged in mice 46 . Many independent studies have since observed this association in biopsy and faecal samples throughout different stages of colorectal cancer progression 40, 41, 44, 47 , different subsets of colorectal cancer (for example, serrated neoplasia) 48 and across patient populations, including American, European and Asian cohorts 40, 49 , although some studies have not reproduced these observations (see Box 2) . That such associations can be made and confirmed across these different tissue types and cohorts implies a robustness in the association between F. nucleatum and colorectal tumorigenesis that merits its continued study. Recent studies examining other cancer types have also reported F. nucleatum in oral, head and neck, oesophageal, cervical and gastric cancer tissues [50] [51] [52] [53] [54] . However, below, we focus on its role in colorectal cancer, as there is the most experimental support for a mechanistic role of F. nucleatum in driving tumorigenesis rather than acting as a microbial 'passenger' in this cancer type 28 . Continued probing of human tissues has revealed features of the association between F. nucleatum and colorectal cancer that suggest additional complexity. First, F. nucleatum is often found co-occurring in tumours with other oral microorganisms, including Peptostreptococcus spp. and Leptotrichia spp., which mirrors how they are found interacting in the oral cavity 46, 55 . F. nucleatum is also frequently found in the same tumours as Campylobacter spp. 55 , which are emerging as important gastrointestinal pathogens. Using microscopy on freshly resected tissues, researchers have shown that, in some patients, cancerous and nearby normal tissues harbour microorganisms that are arranged in highly organized, biofilm-like structures, which may influence how they contribute to tumorigenesis 56 . Such observations support the merits of continued research into how the conversations between these microorganisms, whether in the oral cavity or colorectal tumours, may function as a contributing factor to pathogenesis and/or a target for therapeutic interventions. Another avenue for further examination is a potential co-exclusionary relationship between certain microorganisms, such as Faecalibacterium prausnitzii, and F. nucleatum, the latter of which harbours some bactericidal properties against these putative beneficial microorganisms 57 .
Box 2 | Reproducibility in microbiome and cancer research
Detection of Fusobacterium nucleatum in colorectal cancer tissues across studies emerged as a challenge in the Repass cancer replication study 99, 100 of the original 2012 study by Castellarin et al. 41 and highlights the importance of reproducibility in science. This replication study, as part of the broader 'Reproducibility Project: Cancer Biology', is an effort to replicate selected results from landmark publications in cancer biology 101 .
A brief recap and contextualization of these two studies are as follows. In 2012, an RNA sequencing (RNA-seq)-based study found that F. nucleatum was enriched in colorectal cancer versus adjacent normal tissue, and DNA-based detection of F. nucleatum validated the RNA-seq-based findings 41 . Similarly, an independent study also published in 2012 using different methodology also observed an enrichment of F. nucleatum DNA in colorectal cancer tissues compared with adjacent tissue using whole-genome shotgun sequencing and 16S ribosomal RNA (rRNA) gene amplicon survey data 40 . The Repass replication study (proposed in 2016 and published in 2018) used flash-frozen samples from patients with colorectal cancer and from healthy controls, which were not included in the original Castellarin et al. study, but the replication study used the same primer and probe set. Similar and disparate TaqMan primer and probe sets have been used in a number of studies since the Castellarin et al. publication. Namely, some reports used primers that are specific to F. nucleatum whereas others used more general primers that detect many Fusobacterium spp. This distinction is not trivial, as one study demonstrated that the immunological associations they observed were specific to F. nucleatum and not generalizable to Fusobacterium spp. levels 63 . This situation is analogous to the difficulty of interpreting the presence and contribution of enterotoxigenic Bacteroides fragilis and colibactin-producing Escherichia coli, which are also colorectal-cancer-associated bacteria, in 16S rRNA surveys, which cannot differentiate these strains from other, commensal B. fragilis and E. coli species that are normally found in the gut 102, 103 . The stratification of tumours by F. nucleatum nucleic acid abundance has further limitations in that the distinction between F. nucleatum-high and F. nucleatum-low samples is subjective, especially as quantitative PCR (qPCR) values used to determine F. nucleatum levels approach the limit of detection 100 . Notably, a range in Fusobacterium-positive colorectal cancers, 3-56%, deemed positive for fusobacteria has been observed across studies, all of which have used formalin-fixed paraffin-embedded (FFPe) tissue 58, [61] [62] [63] [64] . The Repass study did not observe the degree of enrichment of F. nucleatum in tumour versus adjacent normal colorectal tissue published in Castellarin et al. Given the differences observed across studies that have used different PCR-based methods and distinct sample types (FFPe versus flash-frozen), the extent to which Fusobacterium spp. are enriched in colorectal tumours varies across patient populations. Stage, tumour location along the bowel and underlying genetics may be an underlying cause of these disparate observations. one critical question that emerged from these studies is whether fusobacterial nucleic acids are an appropriate metric at all. one recent study suggests that a ratio of F. nucleatum to other bacterial strains (for example, Faecalibacterium prausnitzii or Bifidobacterium spp.) measured by qPCR stool-based assay performs better as a potential diagnostic biomarker than F. nucleatum alone 57 .
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Although experimental research into the mechanisms by which F. nucleatum influences colorectal cancer is ongoing, epidemiological studies have enabled timely advances into the connections between intratumoural F. nucleatum levels and colorectal tumorigenesis. The most striking of these observations is that high F. nucleatum abundance is associated with poorer patient prognosis 58 and cancer recurrence owing, in part, perhaps, to F. nucleatum promoting resistance to chemotherapy in colorectal cancer tissues 59 . By linking F. nucleatum abundance to specific tumour phenotypes, such research has further supported the hypothesis that F. nucleatum influences the tumour microenvironment in consistent ways that may be ultimately exploited to shape colorectal cancer treatment. F. nucleatum-high colonic lesions (either malignant or pre-malignant) have further been subtyped according to microsatellite stability 58 , Cpg island methylator phenotype (CIMP) status 60, 61 , those bearing certain mutations (BRAF, KRAS, TP53 and others) and localization to the proximal versus transverse or sigmoid colon 61, 62 . Collectively, these data support that there are links between F. nucleatum and tumour genetics and epigenetics that warrant further research. In the near future, tumoural microorganisms might be as influential as tumoural host genetics in guiding prognosis and treatment decisions, and microbial profiling may soon become as routine as tests of the genetic tumour profile. Tumours with a high F. nucleatum burden also have reduced T cell density 63 , supporting experimental research that F. nucleatum contributes to antitumour immunity. Epidemiological studies have also begun to address how exposures and lifestyle, such as diet and antibiotics, may influence F. nucleatum abundance in the setting of colorectal cancer 64, 65 , prompting consideration of whether interventions designed to influence F. nucleatum levels in the body are beneficial for the prevention of colorectal cancer or detrimental to one's native microbiota.
Mechanisms to promote cancer. How does F. nucleatum, which is adapted to a life in the oral cavity, mechanistically influence colorectal tumorigenesis? Directed sequencing studies have suggested that intratumoural F. nucleatum strains have an oral origin, as patients who harbour F. nucleatum in their tumours also have oral F. nucleatum strains that share matching arbitrarily primed PCR strain-typing patterns 66 . However, such studies should be confirmed and merit further investigation with whole-genome sequencing to determine the true level of similarity between oral and tumoural strains. If one assumes that tumoural F. nucleatum originates in the oral cavity, then F. nucleatum must first migrate to dysplastic tissues to exert its effect on tumorigenesis. Colorectal cancer tissues overexpress a specific sugar residue, Gal-GalNAc 67 , which can be recognized by the fusobacterial adhesin Fap2, which also mediates co-aggregation and haemagglutination functions 68, 69 . A study using an orthotopic graft model showed that F. nucleatum localized to colorectal tumours in an Fap2-dependent manner via a haematogenous route, which mimics the transient bacteraemia that can occur after flossing or dental procedures 70, 71 . However, F. nucleatum has been found in colorectal cancer tissues at early stages of tumorigenesis 44 before Gal-GalNAc overexpression, suggesting that there may be multiple routes by which localization to the developing tumour microenvironment occurs. In experiments using the genetic Apc Min/+ model, in which mice spontaneously develop intestinal tumours 72, 73 , oral instillation of F. nucleatum was sufficient to potentiate colorectal tumour development, suggesting that an oral-gastrointestinal route is another possibility 74, 75 . F. nucleatum is considered to be an active invader of host cells. It encodes an array of genes related to adhesion and invasion 9 , enabling it to reside intracellularly in tumour cells, and, once there, potentially affecting the mechanisms by which it can influence tumorigenesis.
The spectrum of host processes that drive tumorigenesis, from mutations and genome instability to immune evasion, have been well described 76 . What remains less clear is the breadth of these pathways that can be influenced by cancer-associated microorganisms such as F. nucleatum. Other colorectal-cancer-associated microorganisms, such as enterotoxigenic Bacteroides fragilis and colibactin-producing Escherichia coli, produce toxins that either change the immune response or damage DNA, respectively 75, 77 . Although epidemiological associations suggest that F. nucleatum can promote genome instability and mutation 60 , F. nucleatum encodes no known toxins and very few canonical 'virulence factors' 9, 10, 78 . Despite the resistance of F. nucleatum to genetic manipulation (see Box 3) , researchers have made substantial progress into different mechanisms by which F. nucleatum may shape the tumour microenvironment ( fig. 3) .
Cancer is, at its simplest, uncontrolled cell growth, and F. nucleatum may influence the proliferation of colorectal cancer cells, either in pure cell culture 59, 79 or in ex vivo xenografts 46 . Antibiotic treatment disrupted tumour growth in mice with F. nucleatum-bearing patient-derived colorectal cancer xenografts and reduced fusobacterial burden and cell proliferation 46 . Work in cancer cell lines has provided a potential mechanism for such cancer-promoting effects, as FadA interacts with E-cadherin, leading to β-catenin activation and subsequent activation of Wnt target genes 79 , an important pathway in cell development that is often dysregulated in cancer 80 . Another axis of cancer development and progression that F. nucleatum influences is the creation of a pro-inflammatory tumour milieu. Using the same Apc Min/+ model in which mice fed F. nucleatum developed more colorectal and small intestinal tumours than their sham-fed counterparts, researchers also observed more intratumoural myeloid cells, including macrophages, dendritic cells and myeloid-derived suppressor cells, and this response was specific to F. nucleatum 74 . In this model, F. nucleatum also activated the NF-κB pathway and induced expression of the genes encoding several pro-inflammatory cytokines, including TNF, IL-6, IL-8 and IL-1β, which mirrors human RNA-seq data from patients bearing high F. nucleatum loads in their colorectal tumours 74 . A third mechanism by which F. nucleatum shapes the tumour microenvironment is by evading anticancer immune responses. Fap2, the same adhesin that may mediate recognition and binding of the bacterium to colorectal cancer tissue, can bind a human receptor known as TIGIT that is expressed on natural killer (NK) cells and other tumour-infiltrating lymphocytes 45 .
TIGIT inhibits the cytotoxic function of these cells and thereby protects both F. nucleatum and nearby tumour NATuRe RevIeWS | MicRObiOlOgy cells from being killed by immune cells 81 . These three examples demonstrate just a snapshot of the diverse ways by which F. nucleatum can promote a pro-tumourigenic environment, and there are undoubtedly others that remain to be discovered.
Diagnostics and therapeutic approaches
Intrinsic to development of any fusobacterial diagnostic are two overarching questions: is F. nucleatum a biological marker for colorectal tumours and what is a robust, objective measure of F. nucleatum (see Box 4) ? Faecal-based tests are used globally to screen for colorectal cancer. The most widely used test detects blood that is hidden in the stool (occult blood). Although this is a helpful screening test, the test is not specific as occult blood in the stool can be a harbinger of many diseases, not only colorectal cancer. Furthermore, in some faecal-based tests, many ingested substances can lead to a false-positive result. However, newer tests have increased the sensitivity and specificity for detecting occult blood, and some even detect DNA mutations in host cells shed into the stool. Adding microbial biomarkers (see Box 4) , such as the faecal abundance of F. nucleatum, may provide much-needed progress in the ability to non-invasively screen for colorectal cancer. Beyond stool-based diagnostics, detection of IgA or IgG antibodies against F. nucleatum in the serum also has potential as a diagnostic 82 . However, population-based studies are required to further vet the specificity and sensitivity of a serum antibody-based test, and the genetic and antigenic diversity of F. nucleatum as well as a prior history of periodontitis or other fusobacterial infections may be confounding factors.
Effective tests designed to detect F. nucleatum in stool or tissue may have other uses beyond diagnosis. A high abundance of tumoural F. nucleatum may influence overall survival 58 ; thus, tumoural levels of F. nucleatum may someday guide prognosis. Some studies suggest that there may be associations between the abundance of F. nucleatum and the genetic landscape of the tumour, which suggests that the effect of F. nucleatum on prognosis may not be a direct association. It remains understudied, but of interest, how the status of KRAS and TP53 mutations, the presence of microsatellite instability and epigenetic dysregulation within a tumour (for example, CIMP) 60 affect and influence the tumoural load of F. nucleatum. A recent study suggested that patients with familial adenomatous polyposis with congenital APC mutations had undetectable levels of F. nucleatum in their tumours 83 , which suggests that host genetics may have a role in shaping the burden of F. nucleatum. However, F. nucleatum did potentiate tumorigenesis in mouse models harbouring Apc mutations 74, 84 . F. nucleatum seems to influence tumoural infiltration of myeloid cells 74 , T cell phenotypes 63 and the cytotoxic activity of NK cells 45 . Such findings ultimately may influence the types of immunotherapies offered to patients with colorectal cancer in the future 85 . Similarly, when investigators delved into why F. nucleatum was abundant in the colorectal cancer tissue of patients whose cancer recurred after chemotherapy, they found that F. nucleatum may modulate resistance to chemotherapy by activating autophagy and impairing
Microsatellite instability
A condition in which impaired DNA mismatch repair leads to genetic hypermutation. Colorectal tumours can be described as microsatellite instable-high (MSi-high) or microsatellite stable (MSS).
Familial adenomatous polyposis
A genetic disorder that is caused by mutation of the APC gene and results in numerous tumours of the large bowel. Classically, these colon tumours form during the teenage years and the number of tumours increases with age, but there are also attenuated variants.
Box 3 | Tools and methodological approaches for studying fusobacterial biology
The study of fusobacterial biology has been restricted to this point by the limited genetic tractability of these strains. In the published literature, only four strains have been mutagenized: Fusobacterium nucleatum subsp. nucleatum strains ATCC 23726 (ref.
104
) and ATCC 25586 (ref. F. nucleatum subsp. polymorphum ATCC 10953 (ref.
17
) by electroporation; and F. nucleatum subsp. polymorphum 12230 by sonoporation 106 . This technical hurdle is multifactorial. Hypothesized biological limitations have included strain-intrinsic restriction endonuclease activity in response to different methylation patterns of heterologous DNA as well as that most constructs currently used are derived from constructs that were designed originally for Clostridium spp. given their comparably low GC content and similar codon biases. Therefore, instead of genetic manipulation of F. nucleatum, researchers have used alternative approaches to mechanistically study specific adhesins and enzymes, such as heterologous expression of fusobacterial proteins in other species, including Lactobacillus spp. and Escherichia coli 17, [106] [107] [108] . The clostridial research field has a more developed genetic toolkit, perhaps because of the comparably larger scientific community, whereas many of the tools still in use today in fusobacterial research were generated by Susan Kinder Haake, a pioneer in fusobacterial genetics and a master tool-builder in this field. After her death, the continued development of such resources with an eye towards broader community implementation stagnated until recently. Two studies have now demonstrated transposon mutagenesis in F. nucleatum ATCC 23726 (refS 68, 109 ), the most genetically tractable strain described to date. Even more impressively, Wu et al. 109 have developed techniques to rapidly generate in-frame, nonpolar deletions, whereas most of the previously reported F. nucleatum-directed mutants were insertional (Campbell) mutants, which are often polar and prone to reversion without antibiotic selection. Antibiotic-marked deletion and complementation fusobacterial strains have previously been generated using a unique sonoporation-based method, but to date, this approach has been successfully reported only in F. nucleatum by one laboratory 30, 110 . An important caveat to these studies is that F. nucleatum ATCC 23726 is neither an oral nor gastrointestinal isolate but has an urogenital origin; therefore, its applicability to the study of different host-microorganism interactions may be limited. Furthermore, strain usage within and across studies has been inconsistent throughout F. nucleatum studies, and especially in the quickly expanding F. nucleatum colorectal cancer field (Supplementary Table 1) . When an observation, such as increased host cell proliferation, is confirmed with distinct F. nucleatum isolates across laboratories, these studies underscore the robustness of an observed biological effect 59, 79, 111 . However, the diversity of strains used across these works can also complicate generating a comprehensive model of how F. nucleatum potentiates colorectal cancer. For example, a mechanism by which F. nucleatum shapes the tumour microenvironment may be strain-specific, as has been previously observed for phenotypes in the oral setting, such as fusobacterial co-aggregation with other bacteria 112 . This issue has already surfaced in the tumour-specific literature with conflicting observations in animal models of tumorigenesis using different F. nucleatum isolates 45, 69, 74, 79, 113 . In parallel to the ongoing development of more effective traditional tools (for example, forward genetics approaches) for fusobacterial genetics, the implementation of methods used in other microorganisms to advance the study of F. nucleatum in host-microorganism interactions is desperately needed. CRISPR-Cas9 technologies may enable expedient deletions and defined library generation of F. nucleatum mutants that could serve as a community resource. Chemical mutagenesis in conjunction with deep sequencing, using methods described for genetically recalcitrant or intracellular bacteria such as Chlamydia trachomatis 114 , could provide a much-needed breakthrough in understanding the niche specialization of F. nucleatum.
www.nature.com/nrmicro chemotherapy-induced cancer cell death 59 . These provocative findings not only may explain the correlation between the abundance of F. nucleatum and prognosis but also raise the question of whether patients with a high abundance of F. nucleatum at diagnosis might benefit from a F. nucleatum-directed therapy before, or concomitant with, conventional chemotherapy. There is an urgent need for both discovery-oriented and translational research focused on how the composition and function of the gut and tumoural microbiota affect not only the efficacy of chemotherapy, radiation therapy and immunotherapy but also the adverse events associated with such treatments.
If F. nucleatum influences the outcome of colorectal cancer, the response to cancer treatment and the risk of pre-term labour, then expanding the anti-F. nucleatum therapeutic armamentarium is worth considering. In general, most clinical isolates of F. nucleatum are sensitive to a number of antibiotics, including metronidazole, clindamycin and a number of β-lactam antibiotics with the exception of penicillin, for which resistance has been reported 86 . In patient-derived xenograft models of colorectal cancer that showed an enrichment of F. nucleatum, treatment with metronidazole reduced tumour volumes 46 . However, metronidazole broadly targets anaerobic bacteria; therefore, implementing such an intervention would be problematic in numerous ways as anaerobic bacteria also improve responses to chemotherapy and immunotherapy. Thus, a narrow-spectrum antibiotic that is specific for F. nucleatum and ideally targets only the tumour tissue would be of interest, especially given the mutualistic role of F. nucleatum in the oropharynx. However, owing to concerns about antibiotic resistance for both broad-spectrum and narrow-spectrum antibiotics, antivirulence strategies may be more opportune. The F. nucleatum adhesin Fap2 may be an attractive target as its lectin activities seem to promote enrichment of F. nucleatum in tumoural tissues 69 and as it also compromises antitumour immunity 45 .
Given the global health burden of both pre-term birth and colorectal cancer, an F. nucleatum-directed vaccine warrants consideration not only in high-risk populations but potentially in larger populations. F. nucleatum vaccination has already been tried to combat breath malodour. These halitosis vaccines have targeted FomA, an outer membrane protein expressed by , and activation of TLR4 and NF-κB results in increased expression of the oncogenic microRNA miR21 (ref.
111
). These observations are supported by work in the Apc Min/+ mouse model of intestinal tumorigenesis, in which F. nucleatum administration resulted in more aberrant crypt foci and high-grade dysplasia, both early stages of tumorigenesis 74 . Once the tumour has developed, F. nucleatum can localize to the Gal-GalNAc-expressing tumour cells through binding of its Fap2 lectin, which results in enrichment of F. nucleatum 69 . F. nucleatum functionally modifies the tumour microenvironment by influencing the accumulation of myeloid cells 74 and blocking antitumoural immune responses of natural killer (NK) cells 45 . F. nucleatum may also affect metastatic dissemination as it can be isolated from liver and lymph node metastases 40, 41, 46 . Once colorectal cancer is identified and treated, F. nucleatum is associated with increased risk of recurrence and the development of chemoresistance by suppressing specific miRNAs involved in autophagy 59 . LPS, lipopolysaccharide.
NATuRe RevIeWS | MicRObiOlOgy F. nucleatum, which functions in bacterial co-aggregation and biofilm formation 87 . Unfortunately, no outcome data have been published on whether individuals receiving the vaccines for halitosis had a lowered incidence of colorectal cancer. A recent study investigated whether immunization with alkyl hydroperoxide reductase subunit C (AhpC) from F. nucleatum could protect mice from infection with the bacterium 88 . The vaccination lowered levels of F. nucleatum in intestinal tissues in intragastrically inoculated mice and elicited IgA and IgG responses. Given the sophisticated methods used by modern-day vaccinologists to elicit specific types of immune responses (humoral versus T cell responses) and that some F. nucleatum strains have an intracellular phase 29 , T cell-inducing vaccines similar to those targeting tuberculosis and malaria might represent a preferable strategy for F. nucleatum. Another approach that is gaining in enthusiasm is phage-based therapeutics, not only because of multidrug resistance but also because of the exquisite selectivity of phages. However, the intracellular phase of some F. nucleatum strains could present barriers for effective phage therapy, and the number of distinct F. nucleatum strains found in colorectal cancer tissues might also pose a challenge. Nevertheless, the potential of phage-based therapeutics is tantalizing, especially for multidrug-resistant bacteria. Another option to change the tumoural and other human microbiota that potentially harbour F. nucleatum is microbial ecosystem replacement therapy, which uses consortia of designer microorganisms or carefully curated cocktails of human-derived isolates 89 . Such approaches are in clinical trial for infection with Clostridium difficile and could potentially be used to exclude F. nucleatum. In summary, a gamut of potential therapeutics could be used to target F. nucleatum, relying on traditional and more innovative approaches and targeting F. nucleatum, the microbiota and/or the host.
Conclusions
F. nucleatum is a multifaceted bacterium that engages in diverse interactions with other microorganisms and humans that range from beneficial to detrimental in nature. More and more, as we study diseases linked to members of the microbiota, it is tempting to jump rapidly to clinical applications. However, both robust experimental approaches, be it within human cohorts or preclinical models, and reproducible results across microbiota studies are pivotal to bridge the translational gap and ensure that data are neither lost in translation nor mistranslated clinically.
As has been observed for the cancer-associated bacterium H. pylori in the setting of the stomach, disruption of co-evolved symbioses can have unintended consequences, as the presence of H. pylori seems to have protective effects for other diseases such as allergy 90, 91 , and not all strains of H. pylori are oncogenic. Control, elimination and eradication efforts may be appropriate to defeat some infectious diseases such as malaria, but considering elimination of bacteria such as F. nucleatum to prevent associated conditions including colorectal cancer may be premature. Before we consider such F. nucleatum-targeted treatments, we must uncover more about the basic biology of F. nucleatum, in both its natural niche and in other, potentially disease-associated, locations, and about how it influences the host cells and other microorganisms with which it is in intimate association. We must address how to define causation by F. nucleatum in the numerous diseases with which it is associated. We must better appreciate who is at risk of F. nucleatum-associated diseases such as colorectal cancer. Whereas F. nucleatum is fairly ubiquitous in the oral cavity, its usually low levels in the gut are increased in patients with inflammatory bowel disease 43 and can be modulated by factors such as diet 92 . Understanding how F. nucleatum strains and levels in the mouth and gut affect the risk of colorectal cancer may inform suitable candidates for interventions focused on the modulation of F. nucleatum. Only by continuing to investigate F. nucleatum across the gamut of its mutualistic and pathogenic lifestyles will we discover the divergent pathways that may be leveraged for diagnostic, preventive and therapeutic purposes.
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Colorectal adenomas
Non-malignant tumours occurring in the colon and rectum that can develop into cancer.
Box 4 | Faecal Fusobacterium nucleatum: how does one assess a biomarker?
Ideal biological markers (biomarkers) can result in efficient diagnosis with high sensitivity and specificity, can inform disease prognosis, and may provide valuable input guiding therapeutic decisions. There has been tremendous and longstanding interest in non-invasive biomarkers that use stool or serum for diagnosis of colorectal cancer 115, 116 . Given the links between Fusobacterium nucleatum and colorectal cancer, there has also been interest in the presence of F. nucleatum DNA and cells in stool and intestinal tissues and of antibodies against F. nucleatum as biomarkers of colorectal tumours and as prognostic factors in established colorectal cancer.
There have been a handful of studies characterizing the microbiome of colorectal adenomas and cancer 40, 41, 44, 117 . To increase the power of these admittedly small population studies (from dozens to hundreds of samples), a few individual research groups have undertaken meta-analyses to improve estimates of F. nucleatum presence in the stool and tissue, when colorectal cancer has been diagnosed. A meta-analysis from 2018 examined ten studies (seven peer-reviewed articles) that together included 629 patients with colorectal cancer and 569 healthy controls. In this meta-analysis, most studied subjects were from China, most of the samples were faecal and the measurement assays were mostly based on quantitative PCR (qPCR). The area under the curve (AuC) of the receiver operator characteristic (RoC) curve was 0.86 (95% CI 0.83-0.89), suggesting that F. nucleatum may be a good biomarker for colorectal cancer in some populations 118 . In general, an AuC <0.5 suggests that a biomarker has no diagnostic value and an AuC >0.90 suggests an excellent diagnostic value, with an AuC of 0.75-0.9 falling in the range of good and 0.50-0.75 representing poor value. RoC curves are generated by graphing the true-positive rate (sensitivity) on the y-axis and 1 -the true-negative rate (specificity) on the x-axis at a variety of 'cut-off' values that distinguish healthy versus sick or, in this case, the absence versus presence of cancer. Another 2018 meta-analysis (seven studies, six peer-reviewed publications) that exclusively focused on faecal F. nucleatum studies had a lower AuC (0.8) and less encouraging specificity and sensitivity metrics overall. However, a subgroup analysis of studies with ≥50 Asian subjects demonstrated improved specificity (0.85, 95% CI 0.80-0.88) 119 . In complete contrast was another meta-analysis of 14 studies including over 1,700 faecal samples (16S ribosomal RNA (rRNA) gene amplicon surveys) and 492 intestinal tissue samples from 350 individuals in which neither Fusobacterium spp. nor F. nucleatum emerged as biomarkers for colorectal adenocarcinoma 120 . Furthermore, in this meta-analysis, all individual fusobacterial taxa performed poorly in differentiating subjects that were healthy from those that had colorectal cancer, with AuCs around 0.5-0.75. There was limited study overlap across these three meta-analyses regarding the method of microbial detection (qPCR versus 16S rRNA gene amplicon surveys). For a disease as prevalent as colorectal cancer, a much larger population-scale study (on the order of hundreds of thousands) would need to be undertaken to evaluate F. nucleatum as a diagnostic biomarker. Given that there might be differences due to subject ethnicity or geography, a global cohort would be ideal. Furthermore, the method of detection would not be a trivial decision.
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